Life history parameters for narwhals (Monodon monoceros) were estimated based on age estimates from aspartic acid racemization of eye lens nuclei. Eyes, reproductive organs, and measures of body lengths were collected from 282 narwhals in East and West Greenland in the years 1993, 2004, and 2007-2010. Age estimates were based on the racemization of L-aspartic acid to D-aspartic acid in the nucleus of the eye lens. The ratio of D-and L-enantiomers was measured using high-performance liquid chromatography. The age equation used, 420.32X − 24.02·year where X is the D/L ratio, was determined from data from Garde et al. (2012). Asymptotic body length was estimated to be 405 ± 5.8 cm for females and 462 ± 16.2 cm for males from East Greenland, and 399 ± 5.9 cm for females and 456 ± 6.9 cm for males from West Greenland. Due to several indeterminant age class estimates, age at sexual maturity was subjectively assessed based on data from reproductive organs and was estimated to be 8-9 years for females and 12-20 years for males. Pregnancy rates for East and West Greenland were estimated to be 0.38-0.42 and 0.38, respectively. Maximum life span expectancy was found to be approximately 100 years. A population projection matrix was parameterized with the data on age structure and fertility rates. The annual rate of increase of narwhals in East Greenland was estimated to be 3.8% while narwhals in West Greenland had a rate of increase at 2.6%.
Reliable estimation of life history parameters is of great importance for the management of the utilization of wildlife populations. However, such studies are often confounded by small and/ or selective sampling from hunting activities. This is a major problem that leads to biased estimates of vital population parameters; nevertheless, it is for several species the only way to gain insight into their life history and population dynamics. An example of a hunted animal with limited information on the life history is the narwhal (Monodon monoceros). It is a medium-sized odontocete whale confined to the Atlantic sector of the Arctic oceans from Eastern Canada to West Greenland, East Greenland, and to Svalbard and Franz Josef Land (Hay and Mansfield 1989; Heide-Jørgensen 2009) . The Inuit have hunted narwhals for centuries (Reeves and Heide-Jørgensen 1994) and today Inuit in Canada and Greenland hunt the whales under national management legislations. The number of narwhals taken annually prior to the introduction of a quota system in West Greenland in 2004 likely exceeded a sustainable hunt (Heide-Jørgensen 2004) . The introduction of the quota system reduced the catches to 300-400 narwhals annually for West Greenland. In 2009, an annual quota of 85 narwhals was introduced in East Greenland. Quotas are based on abundance estimates and information about population structure and hunting patterns (Heide-Jørgensen 1994; Palsbøll et al. 1997; Heide-Jørgensen et al. 2010 , 2012 .
Studies of population dynamics of wildlife populations rely on abundance estimates as well as life history parameters such as age distributions, mortality rates, age at sexual maturity (ASM), pregnancy rate, and longevity (Skalski et al. 2008) .
Estimation of such parameters depends on reliable age estimation methods. Counting of growth layer groups (GLGs) in teeth is a well-established method for many species (Hohn 2009 ) but is challenging for narwhals that only have embedded teeth that are hard to read (Hay 1980) or, for the male segment, have tusks that are prohibitively expensive to obtain in larger quantities.
The aspartic acid racemization (AAR) technique offers an alternative method for age estimation of both male and female narwhals and it has been utilized in age estimation studies of several marine mammals, including narwhals (Bada et al. 1983; Garde et al. 2007; Garde et al. 2012) , bowhead whales (Balaena mysticetus- George et al. 1999; Rosa et al. 2013) , fin whales (Balaenoptera physalus -Nerini 1983; Nielsen et al. 2013) , minke whales (Balaenoptera acutorostrata- Olsen and Sunde 2002) , and harbor porpoises (Phocoena phocoena -Nielsen et al. 2013) . Garde et al. (2007) estimated an AAR rate for narwhals based on combined narwhal and fin whale data and used this rate to estimate the age of 75 narwhals from West Greenland. Recently, this estimate was improved using narwhal data only by regression of GLGs in narwhal tusks against D/L values in eye lens nuclei (Garde et al. 2012) .
The purpose of the present study was 1) to estimate ages of narwhals from East and West Greenland using the AAR technique and the improved racemization rate and (D/L) 0 value from Garde et al. (2012) , 2) to provide preliminary estimates of life history parameters and construct age distributions based on the new age estimates, and 3) to use the obtained results in a population dynamic analysis to estimate the potential rate of population growth.
Materials and Methods
Sampling.-Eyes and reproductive organs were collected from the Inuit hunt of 207 narwhals (43% females) during June 2007-November 2010 from 5 locations in Greenland and were stored frozen at −20°C until further processing in the laboratory (Fig. 1 ). Standard body length was measured in a straight line alongside the whale from the tip of the lower jaw to the notch of the tail flukes, and fluke width was measured from tip to tip in a straight line (Heide-Jørgensen and Teilmann 1994). Tusk length was measured in situ from the front edge of the upper jaw where the tusk protrudes to the tip of the tusk. Also recorded were hunting location, sex of the animal, and if a female was pregnant, the same measurements were recorded for the fetus. Growth of fetuses was described in detail in Heide-Jørgensen and Garde (2011) . An additional 75 narwhals (including 2 near-term fetuses) from Garde et al. (2007) were added to the 207 narwhals, for a total of 282 animals.
Age estimation.-Narwhal ages were estimated using the AAR technique following methods described in Garde et al. (2007 Garde et al. ( , 2010 and Ohtani and Yamamoto (2011) . Equation 1 is derived from data from Garde et al. (2012) by weighted linear regression of A (Age) on X (n = 24):
where A is age in years, and
The age of a narwhal was estimated through a prediction equation derived from a weighted linear regression of age and X which is a measure related to the D/L ratio
, where the weighing takes into account the presence of nonconstant variance on the response variable Age (Fox 2008) . The weighted linear regression of A (Age) on X was based on 24 measurements, ( , ) A X i i , i = 1,…,24, where it was assumed that the A i is independent and normally distributed with mean α β + ⋅X i and variance σ σ λ i i 2 2 2 = , where λ i is given by the uncertainty of that specific measurement, estimated by whether age was determined by length or GLG counts, as described above.
 be the vectors of observations, where T denotes transposition, and let B = (1 X) be the 24 × 2 design matrix of the regression, where 1 is a column vector of ones. Then, the estimate of (α, β) T is given by ( , ) ( 
. . Thus, the SD of the age prediction is smallest for an animal with
, corresponding to a predicted age of 2.4 year ± 1.6 SD (estimate ± SD). If X = 0.2, the age is predicted to 60.0 year ± 4.4 SD. Garde et al. (2012) estimated a narwhal species-specific racemization rate (as 2k Asp value) of 0.00229 ± 8. -Bada and Schroeder 1975) . Age estimates for the 75 narwhals from Garde et al. (2007) were recalculated using the racemization rate and (D/L) 0 value estimated in Garde et al. (2012) . Growth of body and tusk.-Growth curves were fitted to the age-at-length (L) and age-at-tusk length data using the von Bertalanffy growth model (Table 2) for East and West Greenland separately:
where L max is the asymptotic standard length, A is age in years, and b and q are model constants to be derived. Body mass of 51 narwhals from Garde et al. (2007) was fitted to the AAR ages using both the von Bertalanffy and the Gompertz growth model:
where M max is the asymptotic standard mass, and b and q are model constants to be derived. Reproductive status.-Reproductive organs were collected for the purpose of estimating mean ASM, age at 1st pregnancy, and pregnancy rate. Length and mass of ovaries and testes and epididymides were plotted against AAR ages. Ovaries were measured, weighed, and examined externally for the presence of corpora lutea (CLs; and accessory CLs if more than one present at a time) and corpora albicantia (CAs-Perrin and Donovan 1984). CAs were detected as surface scars on the ovaries. For a subsample (n = 26), ovarian corpora were also examined internally; after fixation in 10% neutral buffered formalin, the ovaries were sliced by hand in 2-3 mm sections and examined for CLs and CAs.
Females were categorized into 4 groups: immature, mature, pregnant, and unknown reproductive status. Immature whales were detected based on absence of ovarian corpora, mature individuals had either large mature follicles (≥ 10 mm in diameter; n = 3) or at least 1 corpora, and pregnant females either had a fetus (and then also a CL) or only a CL if the fetus was not detected.
ASM was estimated based on data on growth of ovaries, number and size of follicles, and correlation of numbers of ovarian corpora against AAR ages of females. Age at 1st pregnancy was assumed to occur 1 year after the occurrence of sexual maturity. The ASM and age at 1st pregnancy estimates were supported by the age-dependent number of ovarian corpora, mass of ovaries, and the age of the youngest pregnant females in the sample. The pregnancy rate was calculated as the ratio between pregnant females and all mature females of a given age group.
Testes and epididymides were weighed and measured. Age and length at sexual maturity was estimated from graphs of mass (g) and length (cm) of testes and epididymides versus AAR ages and body lengths.
Population dynamic models.-Survival rates (P pooled ) were estimated by fitting an exponential function to the recorded data on age distribution using trend lines in MS Excel (Microsoft Corporation 1987 -2015 and Apple Numbers (Apple Inc. 2007 -2015 , minimizing the r 2 value. The slope of the curve corresponds to the proportional annual decline. This estimate was based on pooled age groups, containing 5 age classes each, and to obtain the annual survival (P), this estimate was raised to the power (1/5; since P 5 = P pooled ). The relationship between the age structure in 2 subsequent classes (w 1 and w 2 ) and the yearly survival (P) and growth rate (λ) during stable conditions (Caswell 2001 ) is:
from which the annual growth rate was determined as:
P was estimated to 0.995 for age 5 and up, providing an estimate of the population growth rate, λ, given the observed age structure. This estimate was calculated for both sexes and each area separately. Given the estimates on survival (P) and pregnancy rate (F), we constructed a basic life history matrix for the narwhal:
Since the youngest female age classes have not reached sexual maturity, 1st years' fertility values (F) were 0 (for F 1 to F 8,5 ). A fertility rate of 0.42 was used as an upper limit of fertility (Table 1) . A possible senescence in fertility was investigated by comparing 2 scenarios: first, fertility rates were held constant over the life span and in a second scenario, fertility was assumed to decline linearly after age 40 until 70 years of age. We iterated the exact values of the least known parameter in the matrix (juvenile survival) between 0.8 and 0.9 until the observed age structure was produced.
The number of female offspring produced over a life span of a female narwhal, the net reproductive rate (R 0 ), was calculated for the East and West Greenland populations separately as the sum of the products of all yearly survival and fertility rates ( ) F P F P P F P P P 
Results
Age distribution and longevity.-Almost 3/4 (73%, n = 203) of the 280 narwhals sampled belonged to younger age bins of 0-34 years, whereas ~1/4 (n = 77) belonged to older age bins of 35-104 years (Fig. 3) . The majority of animals in both regions were assignable to the younger bins (0-34 years), but the proportion was considerably higher in East Greenland (84%, n = 88) than in West Greenland (67%, n =192). Three narwhals from East Greenland (3.4%) belonged to the oldest age bins (65-104 years) compared to 16 (8.4%) from West Greenland. The oldest narwhal was a 101-year-old female caught in 1993 in Uummannaq, West Greenland, whereas the oldest male was 95 years old, caught in 2007 in Savissivik, West Greenland (Table 1) .
Growth of body and tusk.-von Bertalanffy models for length-age relationships provided r 2 values similar to those for Gompertz models but von Bertalanffy models were chosen due to consistently higher F values. Asymptotic body length of females and males from East Greenland was 405 and 462 cm, respectively (Table 2) . Asymptotic length was attained at an age of 22-25 years for females and 28-42 years for males (Fig. 4) . The largest female was 441 cm in length and the largest male was 480 cm in length with a tusk of 240 cm-the Fig. 4) . Tusk length was correlated with body length (r 2 = 0.58; Fig. 5 ).
Asymptotic body lengths of females and males from West Greenland were 399 and 456 cm, respectively, attained at 25 years for females and 28 years for males (Table 2; Fig. 4) . The largest female was 490 cm in length and the largest male Table 2 for parameter estimates. EGRL = East Greenland; WGRL = West Greenland. was 560 cm. Asymptotic tusk length (186 cm) was reached at 53 years of age (Fig. 4) . The largest tusk from West Greenland was 217 cm long and belonged to a 34-year-old male with a body length of 464 cm. For the mass-age relationship, the 2 growth models showed similar residual sum of squares values but the Gompertz model was chosen because of the higher F values. Asymptotic mass was predicted to be 903 kg for females and 1,645 kg for males (Table 2) . Asymptotic mass was attained at ages of approximately 32 years for females and 36 years for males (Fig. 6) .
Examination of CLs and CAs.-Examination of sections of 52 ovaries from 26 females revealed 125 CLs and CAs compared to 151 by external examination and linear regression showed good correlation (r 2 = 0.85) between internal and external examination. Some ovaries were difficult to "read" after fixation and when the number of corpora differed, the most conservative estimate or the best estimate assessed by the examiners were used in subsequent analysis.
Pregnancy rates.-Females from East Greenland (n = 43) were collected from late spring (June) to late fall (October). Eleven out of 29 mature females collected in East Greenland were pregnant. Five of the mature females were collected within the first 2 weeks of June, 2 of these had a large CL and were therefore noted as being pregnant (even though a fetus was not detected) and are included in the 11 above. The other 3 mature females collected early in June were not visibly pregnant and had no CL, but as they were taken in the 1st half of June, they could potentially ovulate later that summer. Omitting these 3 females as uncertain cases when calculating the pregnancy rate gives an estimated pregnancy rate of 11/26 = 0.42 ( Table 1 ). Assuming that these 3 females would not become pregnant that year leads to a pregnancy rate of 11/29 = 0.38. The pregnancy rate for narwhals from East Greenland is therefore between 0.38 and 0.42.
Females from West Greenland (n = 72) were collected almost throughout the year. Fourteen of 39 females were pregnant. Two females with calves were omitted before calculating the pregnancy rate, as no ovaries and no information on pregnancy were available for those individuals. The pregnancy rate is estimated to be 14/37 = 0.38 (Table 1) .
Age and length of immature, mature, and pregnant females.-Eighteen immature females were all between 0.4 and 6.7 years of age with body lengths of 185-410 cm (Table 1) . One female from East Greenland (363 cm) was still immature at an age of 9 years. Another East Greenland female was assumed to be mature at an age of 10.7 years based on many (~35) and large mature follicles although no ovarian corpora were detected (Fig. 7) .
The youngest pregnant female (9.5 years) was from East Greenland and was 367 cm long with a 15-cm fetus, whereas the youngest pregnant female from West Greenland was 12.1 years old and had 3 corpora scars. The range of body lengths of mature females was 357-441 cm in East Greenland and 340-390 cm in West Greenland. Pregnant females ranged from 350 to 440 cm in both East and West Greenland.
The oldest pregnant female from East Greenland was 40 years, whereas the oldest pregnant female from West Greenland was 68 years (Table 1) . They had 9 and 8 CAs, respectively. Five females between 40 and 69 years from East Greenland were not pregnant; however, one (48 years) had a fresh and regressing CA and several mature follicles indicating recent birth and another (54 years) had several small and medium (< 10 mm) follicles indicating that she was still reproductively active. One female of 62 years had 11 corpora but only 1 small follicle indicated she was either resting or senescent. Seven of 11 females between 40 and 69 years from West Greenland were reproductively active; 5 were pregnant, 1 had a regressing CA (65 years), 1 was lactating (69 years), and 4 females showed no signs of recent pregnancy.
Ovarian measurements and age and length at sexual maturity and 1st pregnancy.-The ovaries of females grow continuously from birth to an age of ~30 years, when growth ceases at a mean mass of 36.6 g and a mean length of 8.3 cm (for age bins 30-104 years; Fig. 8 ). The ovaries start increasing in size when the body length is ~350 cm at about 7-8 years of age.
Mean ovarian mass was higher for pregnant females (X = 51.6 g), due to presence of a CL, than for nonpregnant females (X = 29.3 g; Fig. 9 ). Mean length of ovaries (7.6 cm) was similar Table 2 for parameter estimates.
for the 2 groups. A single female (ID no. 4036; 33.6 years of age) had accessory CLs (n = 4) in one ovary and none in the other. Accessory CLs are thus found in 0.04% of the sampled pregnant population.
Based on ages of immature females in the sample, corpora counts, and ovarian growth in females from East and West Greenland (Figs. 7-9 ), a preliminary estimate of ASM is around an age of 8-9 years and age at 1st pregnancy around an age of 9-10 years. This corresponds to a female length at ASM of ~340 cm (Fig. 4) .
Male reproduction.-Age and length at sexual maturity for male narwhals was estimated from length and mass of testes and epididymides (Fig. 10) . Testes and epididymides grow continuously in mass and length from age 0 but start on a rapid growth when the male narwhal is > 10 years of age at a body length of > 350 cm and continue to grow to an age of ~30 years and a length of ~450 cm. Testes mass was below 100 g until the age of 12 years, and based on this and the observations presented in Fig. 10 , male narwhals were assumed to reach sexual maturity between the age of 12 and 20 years and at lengths between 350 and 400 cm.
Population dynamics analysis.-A comparison between the observed age structure and the age structure obtained from the narwhal matrix model shows that observed and predicted age structures are in good agreement (a correlation test gives an r 2 value of 0.93 for East Greenland and 0.85 for West Greenland; Fig. 11 ). The deviations are due to the fact that the matrix model is deterministic and gives the long-term expectation while the data are influenced by the randomness in sampling. Average annual growth rates (λ) were estimated as 1.038 in the East and 1.027 in the West Greenland populations. Correspondingly, the expected number of female offspring (assuming a 1:1 sex ratio) during a narwhal lifetime (net reproductive rate of female offspring [R 0 ]) was 3.07 and 2.28 for the 2 regions. Generation time (T) was estimated at 30 and 33 years in East and West Greenland, respectively.
Discussion
Age estimation equation and SE.-The approach of regressing age to the ratio L-aspartic acid to D-aspartic acid Fig. 7 .-Ovarian corpora (corpora lutea and corpora albicantia) counted from both ovaries regressed against aspartic acid racemization age (a) and body length (b). Only females where both ovaries were available were included. Circles represent data from Garde et al. (2007) . EGRL = East Greenland; WGRL = West Greenland.
(included in the factor X) is straight forward, since the measurement error in X is negligible compared to the error in the response variable (age) and the analysis is then reduced to a simple linear regression allowing the use of standard tools for prediction and variance estimation. A linear regression assumes that covariates are measured without noise, and the ages (the response) used to derive the prediction equation are measured with a large uncertainty, whereas the measurement errors on D/L ratios (the covariate) are small. A standard linear regression assumes homoscedasticity, which is certainly not fulfilled in our data, and we therefore extended the classical linear regression to a weighted regression, explicitly incorporating the different variances on each measurement. A normal quantile-quantile plot of the standardized residuals showed that the assumption of normality was acceptable (results not shown). Of course, a sample size of only 24 animals is small, and especially increasing the sample size of older animals would be preferable. Results should thus be interpreted with caution. The alternative approach of regressing X on age would be the choice if the main interest is to estimate the racemization rate and not predict age (Bada et al. 1983; Nerini 1983; George et al. 1999) , and then, one has to resort to bootstrap studies or find other ways to deal with the problem of uncertainty in the age measurements (Garde et al. 2012) . Furthermore, the predicted age from an inverse regression is biased, and it will have a larger SE compared to the SE from a linear regression.
Life history.-Asymptotic body growth was not statistically different for females from East and West Greenland, or for males from East and West Greenland. Also, Wiig et al. (2011) did not detect differences in cranial morphology between narwhals from East and West Greenland based on analyses of metric variables.
A preliminary estimate of ASM for female narwhals obtained from data on immature females, corpora counts, and ovarian growth appears to be 8-9 years of age, attained at a body length of ~340 cm. However, this estimate based on visual inspection of the data and small sample sizes should be used with caution. Only one other published study has attempted to estimate ASM in narwhals. Based on annual dentinal growth layers in embedded teeth, Hay (1980) found that female narwhals become sexually mature at a mean age of 11.8 years and a length of 340 cm. The difference could be due to inclusion of counts of secondary growth layers in the embedded teeth in Hay's study or it could reflect different population status, exploitation status, and density-dependent response in the narwhal populations. Hay (1980) estimated ASM for male narwhals to be 17 dentinal growth layers and sexual maturity to be reached at a mean length of 395 cm, which is also similar to our estimate of 12-20 years of age and 350-400 cm in length.
ASM in female beluga (Delphinapterus leucas), the narwhal's closest relative, has been estimated in several studies based on dentinal layers. Stewart et al. (2006) showed that 1 GLG -yr was deposited in beluga teeth by calibrating beluga age estimates from radiocarbon dating. ASM in female beluga was found to be 7-14 years of age, based on 1 GLG -yr , which is in the same range as the ASM estimates for female narwhals. Based on samples from belugas from West Greenland, Heide-Jørgensen and Teilmann (1994) estimated male sexual maturity to occur from 12 to 14 years of age (assuming 1 GLG -yr ). Robeck et al. (2005) found that the mean age at which captive male beluga first sired a calf was 13.9 years (n = 8), whereas mean age of 1st conception in females was 9.1 years (n = 16). It seems that 1st conception for female narwhal and beluga on average is at ~9 years of age, whereas male belugas attain sexual maturity a few years earlier than male narwhal.
Pregnancy rates estimated in this study are in accordance with previous studies suggesting narwhals breed every 2-3 years on average (Best and Fisher 1974) , which is similar to pregnancy rates for belugas (Heide-Jørgensen and Teilmann 1994) .
A single female in this study had 4 accessory corpora of variable size and if these corpora are preserved as scars, extra caution is needed when interpreting reproduction data based on CAs. Heide-Jørgensen and Teilmann (1994) found that annual accumulation of CAs exceeded the pregnancy rate in belugas, which they proposed could be caused by accessory CLs or luteinized follicles that sometimes give rise to several CAs (Brodie 1971; Sergeant 1973) . While accessory corpora could potentially lead to an overestimation of total CAs produced by a female during her lifetime, completely resorbed CAs or CAs regressed to a size where they would escape detection could lead to an underestimate.
Reproductive senescence has been observed in the killer whale (Orcinus orca- Olesiuk et al. 1990 ) and the short-finned pilot whale (Globicephala macrorhynchus- Marsh and Kasuya 1986) , where both species cease reproducing at just over halfway through their maximum life span. Here, we found no direct evidence of reproductive senescence in the narwhal; on the contrary, narwhals were observed to reproduce at rather old ages (> two-thirds of their maximum life span). However, none of the females in this study past 69 years of age were pregnant, lactating, showed signs of recent conceptions, or had mature follicles in their ovaries. This could indicate that narwhals past this age no longer reproduce. Post-reproductive females might contribute positively to the survival of not only their own offspring and descendants but also the offspring of other females belonging to the same matrifocal pod (Marsh and Kasuya 1986; Palsbøll et al. 1997) . The benefits of assisting kin, however, must outweigh the costs of reproductive cessation, where the storage and The oldest narwhal was 101 years of age and that is twice the longevity estimated by Hay (1980) based on counts of mandibular periosteal layers. The mandibular periosteal layers are however subject to resorption by osteoclast activity and some layers are likely to disappear with time. Stewart et al. (2006) found a maximum age of 79 years from 1,143 beluga whales from Nunavut, Canada. Old age has been determined in a number of whale species of which the bowhead whale holds the record of 211 years of age (George et al. 1999) . Garde et al. (2007) suggested that the longevity of narwhals could be seen as an adaptation to mitigate the population effects of drastic changes in climate.
Generation time.-Generation time in narwhals, calculated as the average age of sexually mature females where it is implicit that calf survival and fecundity remains constant (Roman and Palumbi 2003) , was estimated to be 34 years considering all mature females in the sample, and 30 years if females are believed to become post-reproductive after 70 years of age. Lowry et al. (2006) estimated a generation time for belugas to be 16 years. However, the 16-year estimate was based on data from Burns and Seaman (1986) , who calculated beluga ages assuming 2 GLG -yr . In light of the evidence of 1 GLG -yr in beluga teeth presented by Stewart et al. (2006) , the generation time for belugas must be recalculated to 32 years. The generation time for narwhals and belugas is therefore similar.
In this study, generation time was also calculated using a life history matrix (Caswell 2001 ) and was found to be similar for the eastern and western populations (30 and 33 years, respectively), as well as similar to results obtained using the method of Roman and Palumbi (2003) .
Challenges of the AAR technique.-The AAR technique is capable of providing age estimates for all age groups but has been found to be less accurate when it comes to the youngest segment of a population (Garde et al. 2010; Garde et al. 2012 ). This could potentially affect important parameters as ASM and age at 1st parturition. Recommendations to improve the method by collection of teeth and eyes from young narwhals for comparison of the 2 methods of AAR and GLG counts have been suggested (Garde et al. 2012) .
Population dynamics.-There is no doubt that the largest difficulty in assessing dynamics of narwhal populations lies in obtaining reliable age structure data for estimating survivorship. The age distribution and survival rate estimates obtained in this study included both natural and hunting mortality and it is at present not possible to partition the two. Given the low reproductive rate and extreme longevity, survival rates will necessarily need to be high, close to 99%, as long as the populations are not declining. This is in agreement with an earlier assessment of population dynamics of narwhals based on hypothetical life history variables (Kingsley 1989) . Sensitivity analyses (Kingsley 1989; Caswell 2001) highlighted that changes in young female fertility and juvenile survival are the life history parameters with the highest impact on population growth.
Basic assumptions of a stable age distribution, nonselective age samples from the harvest, and reproductive senescence could not be fully tested in this study. Our initial assessment of population dynamics was based on limited data and more samples of especially female narwhals are desirable, but at present, all that can be done is to conduct the assessment with a likely range of parameters. Further understanding of the dynamics of narwhal populations provided in this study can be obtained by testing the dynamics including the complete harvest history against independent information on population changes obtained from surveys. Fig. 11. -The age structure of narwhals (Monodon monoceros) in the hunt in East Greenland (a) and West Greenland (b) compared to the estimated age structure from a projection matrix (gray bars) parameterized with the best available narwhal data. Each bar includes 5 cohorts, starting at 5-to 9-year-old individuals. Younger individuals are excluded from the analysis since they are not the targets for a similar hunting effort and thus underrepresented in the sample.
